Introduction
The plant pathogenic fungus Fusarium graminearum is the causal agent of Fusarium head blight (FHB), one of the most destructive crop diseases, and is distributed worldwide (Voigt et al., 2005) . F. graminearum, with broad host range of pathogens, mostly infects crop plants, particularly wheat, maize, and barley, and results in a severe loss of grain yield as well as quality reduction. There have been seven reported mycoviruses (fungal viruses) isolated from the phytopathogenic fungus F. graminearum: FgV1 (F. graminearum virus1), FgV2, FgV3, FgV4, FgV-ch9, FgHV1/HN10 (F. graminearum hypovirus 1) and FgHV2/JS16, of which FgV1, FgV-ch9 and FgHV2/ JS16 were associated with the hypovirulence of F. graminearum (Supplementary Table S1 ; Chu et al., 2002; Darissa et al., 2011; Li et al., 2015; Theisen et al., 2001; Wang et al., 2013; Yu et al., 2009) .
The order Tymovirales consists of four families (Alphaflexiviridae, Betaflexiviridae, Gammaflexiviridae and Tymoviridae) (King et al., 2011) .
The largest protein encoded by members of the order Tymovirales is a replication-associated polyprotein of approximately 150-250 kDa that is close to the 5 0 end of the genome and consists of a set of functional domains whose amino acid sequences and order are conserved in all viruses of the alphavirus-like superfamily of positive-stranded RNA viruses (King et al., 2011) . Virions of the families Alphaflexiviridae, Betaflexiviridae and Gammaflexiviridae are flexuous filaments, while members of the family Tymoviridae have non-enveloped isometric particles (King et al., 2011) . The family Tymoviridae, a predominantly plant-infecting virus family, consists of three genera (Tymovirus, Marafivirus and Maculavirus), the members of which have the following common characteristics: non-enveloped isometric virions with a rounded contour and prominent surface structures; a monopartite positivesense, single-stranded RNA genome (6.0-7.5 kb in length) with an unusually high cytosine content (32-50%); caps at the 5, terminus; a replication-associated polyprotein containing a set of functional domains; and cytopathic structures in infected cells (Martelli et al., 2002) . There are 26, 4 and 1 confirmed virus species in the genera Tymovirus, Marafivirus and Maculavirus, respectively. Recently, Contents lists available at ScienceDirect journal homepage: www.elsevier.com/locate/yviro many unconfirmed viral species have been reported, but no virus related to members of the family Tymoviridae has been isolated from plant pathogenic fungi.
In this study, we present the sequence and molecular characteristics of a novel mycovirus from the strain SX64 of F. graminearum and its effect on the phenotypic characteristics and virulence of SX64. We also describe the taxonomic status of the mycovirus FgMTV1/SX64.
Results
Detection and sequencing of dsRNA in F. graminearum strain SX64
The strain SX64 was identified as F. graminearum using polymerase chain reaction (PCR) amplification of the translation elongation factor (EF-1α) fragment (O'Donnell et al., 2000) . F. graminearum isolate SX64 produced a distinct dsRNA band sized at about 8 kb (Fig. 1B) . The band resisted digestion by DNase I and S1 nuclease, confirming it to be dsRNA. However, the virus-free strain SX64-F did not contain any dsRNA segments (Fig. 1B) . The distinct dsRNA element of strain SX64 was gel purified and used as the template for cDNA cloning.
The complete genomic sequence was 7863 nts in length, excluding the poly (A) tail. A Blast X search of the complete nucleotide sequence showed a high amino acid (aa) sequence identity (29-42%) to viruses in the order Tymovirales, particularly to viruses of the family Tymoviridae. Thus, we tentatively assigned mycoviral dsRNA the name "F. graminearum mycotymovirus virus 1 (FgMTV1/SX64)". The sequence was deposited in GenBank under accession number KT360947.
Molecular characterization of FgMTV1/SX64
The genome organization of the coding strand of the dsRNA segment of FgMTV1/SX64 is shown in Fig. 2 . Sequence analyses of the nucleotide sequence revealed the presence of four putative open reading frames (ORFs) (Fig. 2) . Four untranslated regions (UTR) were present in the genome, comprising a region of 82 nucleotides preceding the initiation codon of ORF1, a 1 nucleotide between ORFs 1 and 3, a 4 nucleotides between ORFs 3 and 4 and a 3 0 -terminal region of 116 nucleotides followed by a poly(A) tract. Similar to members of family Tymoviridae, the genomic sequence of FgMTV1/SX64 contains a high percentage of cytosines (A, 17.8%; C, 35.9%; G, 23.6%; T, 22.7%) (Dreher, 2004; Martelli et al., 2002) .
The largest ORF (ORF1; nt 83-6811) is 6729 nt in length and encodes a putative polyprotein of 2242 aa with a calculated molecular mass of 249 kDa (Fig. 2 ). ORF1 encodes a putative replication-associated polyprotein (RP) and contains four conserved domains, viral RNA methyltransferase (Mtr), tymovirus endopeptidase (Pro), viral RNA helicase (Hel) and RNA-dependent RNA polymerase (RdRp), which are contained in all of the members of the Tymoviridae family (Martelli et al., 2002) . Although the presence of a cap structure in the genomic RNA has not been experimentally demonstrated, the existence of a methyltransferase region in the replicase gene suggests that FgMTV1/SX64 RNA is capped. Similar to members of the genus Maculavirus, ORF1 lacks the highly conserved 16-nt subgenomic RNA promoter, known as tymobox or marafibox, which has been identified near the end of the viral replicases of all of the sequenced tymoviruses and marafiviruses (Ding et al., 1990; Izadpanah et al., 2002) .
ORF2 (nt 91-459) overlaps the ORF1 towards the 5 0 -terminus (Fig. 2) . ORF2 is 369 nts in length and is predicted to encode a 122-aa protein with a molecular mass of 14.1 kDa. ORF3 (nt 6813-7196) is 384 nts long and encodes a putative 127-aa protein with a predicted molecular mass of 13.2 kDa (Fig. 2) . Only one nucleotide (G) is situated between ORF1 and ORF 3. ORF4, in the same frame as ORF2, which encodes a putative protein with an expected molecular mass of 19.2 kDa, spans nucleotides 7201-7746 (Fig. 2 ). Database searches with the nucleotide and amino acid sequences of ORF 2-4 did not reveal any significant homology with other known sequences.
Sequence alignment and phylogenetic classification of FgMTV1/SX64
Alignments were obtained from the complete genomic sequence, the entire RP amino acid sequence and the four internal conserved replicase regions containing the Mtr, Pro, Hel and RdRp domains between FgMTV1/SX64 and typical viruses of the order Tymovirales (Table 2) . GenBank accession numbers and acronyms for viruses used in analyses are listed in Table 1 . The phylogenetic position of FgMTV1/SX64 within the Tymovirales was determined by aligning the RP, Mtr, Hel and RdRp amino acid sequences to those of members of the order ( Fig. 3; Fig. S2A-C) . The amino acid sequence alignments were obtained using the putative Mtr, Hel and RdRp domains of FgMTV1/SX64 and selected viruses in the family Tymoviridae (Fig. 4 ; Fig. S3A and B) .
The overall nucleotide and RP amino acid sequences of FgMTV1/SX64 showed the highest identity with GFkV (family Tymoviridae, genus Maculavirus), of 33.84% and 21.26%, respectively (Table 2 ), compared to those of the representatives of the order Tymovirales. Phylogenetic analyses of the viral RP polyprotein of FgMTV1/SX64 and representatives of the order Tymovirales using the neighbor joining (NJ) method positioned FgMTV1/SX64 firmly within the Tymoviridae, but outside of the RdRp III-VI, are based on those of Wang et al. (2012) . Identical residues are shaded. Asterisks and dots indicate identical amino acid residues and similar amino acid residues, respectively.
Tymovirus, Marifivirus and Maculavirus genera ( Fig. 3 ) and were supported by robust bootstrap values. The putative Mtr domain (nt 1058-1900) consisting of 281 aa was detected at the N-terminal end of the replication-associated polyprotein of FgMTV1/SX64. In the methyltransferase region, FgMTV1/ SX64 also showed the highest identity with GFkV of 33.56% (Table 2) . Phylogenetic trees based on the Mtr domains using the NJ method also clearly placed FgMTV1/SX64 firmly within the Tymoviridae, but outside the Tymovirus, Marifivirus and Maculavirus genera (Fig. S2A) , with robust bootstrap values. Alignment of amino acid sequences of Mtr domains of FgMTV1/SX64 and representative viruses in family Tymoviridae revealed that the motifs (Mtr I-III) were well conserved among many positive-strand RNA viruses, which has been previously recognized by Wang et al. (2012) (Fig. S3A) .
The Prot domain (nt 3245-3583), consisting of 105 aa, was identified at the N-terminal end of the RP polyprotein of FgMTV1/ SX64, following the Mtr domain. The Pro domain of FgMTV1/SX64 is closely related to that of TYMV, NeRNV and PlMov (family Tymoviridae, genus Tymovirus), which have 24.78%, 24.56% and 24.35% aa sequence identity, respectively, based on multiple alignments of the Pro domains of members of the family Tymoviridae and Betaflexiviridae (Table 2) .
The Hel domain (nt 3860-4564) was identified downstream from the Pro domain and contained seven conserved motifs: Hel I-VI, as recognized by Wang et al. (2012) (Fig. S3B ). In the helicase region, FgMTV1/SX64 showed 31.09% amino acid identity to CSDaV (family Tymoviridae, genus Marafivirus) and 30.25% to GFkV (Table 2) . Phylogenetic trees based on the Hel domains using the NJ method also clearly placed FgMTV1/SX64 firmly within the Tymoviridae, but outside the Tymovirus, Marifivirus and Maculavirus genera (Fig. S2B ).
An RdRp domain was detected at the C-terminal end of the RP polyprotein of FgMTV1/SX64, downstream from the RdRp domain. Alignment of RdRp domains of FgMTV1/SX64 and typical viruses in order Tymovirales revealed that FgMTV1/SX64 has the highest identity of 34.65% to EMV (family Tymoviridae, genus Tymovirus) and 33.33% to ICRSV (family Alphaflexiviridae, genus Mandarivirus) ( Table 2 ). Phylogenetic analyses of the RdRp domains using the NJ also clearly placed the FgMTV1/SX64 firmly within the Tymoviridae, but outside the Tymovirus, Marifivirus and Maculavirus genera (Fig. S2C) , with robust bootstrap support for their combined separation from the remaining Tymoviridae. Alignment of the amino acid sequence of the RdRp domains of FgMTV1/SX64 and selected viruses in family Tymoviridae revealed that the motifs (RdRp III-VI) are well conserved among the viruses, as recognized by Wang et al. (2012) (Fig. 4) .
Biological effects of FgMTV1/SX64 on F. graminearum
To assess the effect of FgMTV1/SX64 infection on the biological properties of F. graminearum strain SX64, an isogenic virus-free strain (SX64-F) was needed. In this study, we performed a combination method of single conidial isolation and ribavirin treatment to eliminate the dsRNA segment from the host fungus. The virus-free SX64-F was confirmed to be eliminated of FgMTV1/ SX64, as determined by dsRNA extraction and RT-PCR (Figs. 1B and  S1A ). Compared to the virus-free strain SX64-F, strain SX64 showed abnormal colony morphology (Fig. 1A) . Strain SX64 grew on potato dextrose agar (PDA) medium at 25°C at a rate of 11.0 mm/day, which was 12.0% slower than the growth of strain SX64-F (12.5 mm/day) (p o0.01) (Fig. 5A ). In addition, strain SX64 had a weak reduction in biomass (4.68% reduction) (Fig. 5A ) and conidia production (23.4% reduction) (Fig. 5A) . However, FgMTV1/ SX64 infection had significant effects on the colony diameter (14.5% reduction, p o0.01) (Fig. 5A ) and DON concentration (53.8% reduction, po 0.01) (Fig. 5B) . In the virulence assay, the virus-free strain SX64-F spread slightly faster from the inoculation sites to nearby spikelets compared to the virus-carrying strain SX64. At 15 days post-inoculation, there was a weak difference in the number of diseased spikelets per invaded wheat head (2.91% reduction) (Fig. 5C ). Fusarium head blight symptoms after the infection of wheat spikes with F. graminearum strain SX64 and SX64-F were also imaged (Fig. 5D ).
Discussion
Although most viruses of the order Tymovirales infect plants, a few species are from plant pathogenic fungi, mosquitoes and honeybees (de Miranda et al., 2015; Howitt et al., 2001 Howitt et al., , 2006 Katsuma et al., 2005; Xie et al., 2006) . To date, there are only three mycoviruses identified in the order Tymovirales: Botrytis virus F (BotV-F), Botrytis virus X (BVX), and Sclerotinia sclerotiorum debilitation-associated RNA virus (SSDaV) (Howitt et al., 2001 (Howitt et al., , 2006 Xie et al., 2006) . The FgMTV1/SX64 is a novel mycovirus related to members of Tymoviridae, with molecular characteristics that are distinct from those of tymoviruses, marafiviruses and maculaviruses. This is the first report of a tymo-like virus isolated from the plant pathogenic fungi.
In this study, we described the molecular and biological characterization of a novel mycovirus, FgMTV1/SX64, which infected the plant pathogenic fungus F. graminearum. The virus has a single-stranded RNA genome of 7863 nucleotides, with a genome organization and sequence similar to the Tymoviridae (order Tymovirales), a predominantly plant-infecting virus family.
Computer analysis of the genome sequence revealed four ORFs. The largest, ORF1 encoded a large replication-associated polyprotein containing several non-structural proteins, such as an Mtr involved in RNA capping, a Hel in unwinding RNA, an RdRp in RNA synthesis and a Pro processing the replication polyprotein. The remaining ORFs did not reveal significant homology with known protein sequences.
According to King et al. (2011) , the genomic RNA of family Tymoviridae has a very high cytosine content (32-50%) and ranges from 6.0 to 7.5 kb in length. Similar to viruses of family Tymoviridae, the genomic sequence of FgMTV1/SX64 contains a high percentage of cytosines, while the genomic RNA (7863 nts) of FgMTV1/SX64 is the largest among all reported viruses of the family.
Similar to the genomic RNA of SSDaVR (family Alphaflexiviridae, genus Sclerodarnavirus), that of FgMTV1/SX64 tends not to encode a coat protein (CP), while all of the other reported viruses of the order Tymovirales contain CP genes regardless of plant viruses, insect viruses or other mycoviruses (BotVX and BotV-F). This finding is consistent with our inability to purify or detect virions in strain SX64 and the absence of a CP domain. One possible reason is that mycoviruses can dispense with an extracellular route of infection and the required packaging function due to their intracellular mode of transmission (Ghabrial, 1998) .
In many plant-infecting members of Tymovirales, movement proteins are present either as a single polypeptide (MP) or a "triple gene block" (TGB). These movement proteins interact with plant host plasmodesmata to allow the passage of infectious viral material from cell to cell (Howitt et al., 2001 ). Interestingly, compared with such plant viruses of the order, all insect viruses (BeeMLV, BmMLV and CuTLV) and mycoviruses (BotVX, BotV-F, FgMTV1/SX64 and SSDaRV) lack a movement protein. Because they have a coenocytic host lacking plasmodesmata, mycoviruses presumably do not require similar movement proteins (Howitt et al., 2001 (Howitt et al., , 2006 Xie et al., 2006) . Such a protein probably has a less obvious role in insect viruses, and its absence from the BmMLV, CuTLV and BeeMLV genomes is therefore not unusual (de Miranda et al., 2015; Katsuma et al., 2005; Wang et al., 2012) . In particular, the papain-like endopeptidase (Pro) is highly characteristic of the Tymoviridae, cleaving the large ORF1 polyprotein into an N-terminal protein containing the Mtr and Pro proteins and a C-terminal protein containing the replicative proteins (de Miranda et al., 2015) . Most viruses of Betaflexiviridae also have a Pro domain between Mtr and Hel, but viruses of Alphaflexiviridae and Gammaflexiviridae unusually lack the Pro domain (King et al., 2011) . FgMTV1/SX64 obviously had a conserved Pro domain in the RP polyprotein, similar to other viruses in the family Tymoviridae.
The genomic RNA (6.0-6.7 kb in size) of tymoviruses contains a 16-nt sequence known as the "tymobox" (GAGUCUGAAUUGC-UUC), which functions as a subgenomic RNA promoter (King et al., 2011; Martelli et al., 2002) . A distinct feature of the marafivirus genome (6.3-6.8 kb) is its large ORF, which contains a conserved 16-nt "marafibox" [CA (G/A) GGUGAAUUGCUUC] that is comparable to the "tymobox," from which it differs by three or four residue changes (King et al., 2011; Martelli et al., 2002) . While the genomic RNA of maculaviruses does not appear to have a conserved sequence comparable to the "tymobox" or "marafibox," except for a recently reported but unclassified macula-like virus (BeeMLV), which has a highly conserved sub-genomic RNA promoter region (de Miranda et al., 2015; King et al., 2011) . Similar to other members of the genus Maculavirus, FgMTV1/SX64 lacks the highly conserved 16-nt subgenomic RNA promoter.
The FgMTV1/SX64 genomic RNA is naturally polyadenylated, which enabled the precise identification of the 3 0 terminus. The genomes of marafiviruses and maculaviruses are polyadenylated at the 3 0 terminus and capped at the 5 0 end (King et al., 2011; Martelli et al., 2002) . However, Tymovirus genomes are capped at the 5 0 terminus and most, although not all, have a tRNA-like structure at the 3 0 end instead of the poly (A) structure (King et al., 2011; Martelli et al., 2002) .
Among the seven reported mycoviruses isolated from F. graminearum, FgV1, FgV-ch9 and FgHV2/JS16 were associated with the hypovirulence of F.graminearum. Although FgMTV1/SX64 infection caused mild or no effect on the conidia production, biomass and virulence of its host F. graminearum, its infection had significant effects on the growth rate, colony diameter and DON concentration.
Taken together, we characterized the mycovirus FgMTV1/SX64 at the molecular level and demonstrated the effect of this novel mycovirus on the plant pathogenic fungus F. graminearum strain SX64. Homology searches, sequence alignments and predicted functional protein domains revealed that FgMTV1/SX64 showed the highest identity with members of the family Tymoviridae. The major difference between FgMTV1/SX64 and viruses of family Tymoviridae is the genome size and lack of a CP. Similar to maculaviruses, FgMTV1/SX64 lacks the conserved 16-nt sequence that is comparable to the "tymobox" or "marafibox," which are conserved in tymoviruses and marafivirus, respectively. Although alignments of the amino acid sequence of the Mtr, Hel and RdRp domains of FgMTV1/SX64 and other viruses of family Tymoviridae revealed many conserved motifs, FgMTV1/SX64 has many amino acid sites that are clearly different from viruses of the family Tymoviridae. Phylogenetic analyses of the RP protein and three conserved domains (Mtr, Hel and RdRp) clearly place FgMTV1/ SX64 firmly within the Tymoviridae, but outside the Tymovirus, Marifivirus and Maculavirus genera, which further demonstrates that FgMTV1/SX64 is distinct from viruses of Tymovirus, Marafivirus and Maculavirus in family Tymoviridae. Thus, we propose that the mycovirus FgMTV1/SX64 belongs to a new, as yet unassigned genus, namely Mycotymovirus, in the family Tymoviridae based on the characteristics of FgMTV1 described in the present research.
Materials and methods
Fungal isolates and culture conditions F. graminearum strain SX64 was isolated from the diseased glumes of wheat infected with Fusarium spp. collected in the Shanxi province of China. Following removal of the surface of the diseased glumes, small segments were excised from inside of the diseased tissues using a surgical knife as previously described (Yaegashi et al., 2012) . In addition, these segments were cultured at 25°C on potato dextrose agar (PDA) containing ampicillin (100 μM). Resulting F. graminearum mycelium were then cultured on PDA without contamination. Strain SX64-F was a virus-free strain derived from the isogenic strain SX64 using the combined method of single conidial isolation and ribavirin treatment. All of the F. graminearum isolates were maintained on PDA at 25°C in the dark. Mycelial agar disks were stored on PDA plates at 4°C, in a sterilized 25% glycerol solution at À 80°C and as a conidial suspension at À 80°C in 25% glycerol.
dsRNA detection and purification
To isolate dsRNA, mycelial plugs of strain SX64 were cultured on PDA plates overlaid with cellophane membranes for 4 days at 25°C in the dark, and frozen mycelium was subsequently collected and ground in liquid nitrogen using a mortar and pestle into a fine powder. DsRNA was extracted from the mycelial tissue using the CF-11 cellulose (Sigma-Aldrich, Dorset, England) chromatography method, as previously described (Valverde et al., 1990) . The dsRNA nature of the samples was further confirmed based on resistance to DNase I and S1 nuclease (TaKaRa Bio Inc., Dalian, China) following the manufacturer's instructions. The final dsRNA fraction was electrophoresed in 1% agarose gel, and the dsRNA was visualized by staining with ethidium bromide and stored at À 80°C before use.
Virus particle purification
Fungal strain SX64 was grown for 5 days in PDB at 25°C. The virus particles were isolated from the strain SX64 according to the method previously described (Wu et al., 2012) , and further purified with a sucrose gradient centrifugation. Each fraction from different sucrose gradients were individually collected, measured for the presence of the virus particles by detection of the dsRNA segments using the agarose gel electrophoresis, and then identified by RT-PCR with specific primers designed based on the cDNA sequences of the dsRNA segment.
Molecular cloning and sequencing
The cDNA cloning and sequencing of dsRNAs isolated from strain SX64 were performed according to the method of Li et al. (2015) and Wang et al. (2013) . Approximately 5 ml of dsRNA was mixed with the tagged random primer-dN6 (5 0 -GACGTCCA-GATCGCGAATTCNNNNNN-3 0 ), heat-denatured at 95°C for 10 min and immediately chilled on ice for 5 min. The dsRNA was reverse transcribed in a reaction mixture using TransScript s RT/RI Enzyme Mix (TransGen) according to the manufacturer's instructions. Random cDNA amplifications were performed using a specific primer (5 0 -GACGTCCAGATCGCGAATTC-3 0 ) based on the tagged random primer-dN6 and TransScript™ HiFi PCR SuperMix II (TransGen) on a Thermal Cycler (Bio-Rad, Hercules, CA, USA). The amplified PCR products were purified from the agarose gel using an EasyPure Quick Gel Extraction Kit (TransGen). The final products were cloned with a PMD™18-T Vector Cloning Kit (TaKaRa) and then transformed into Trans 5α Chemically Competent Cells (TransGen) according to the manufacturer's instructions. M13 universal primers were used for sequencing, and every base was determined by sequencing at least six independent overlapping clones. Positive clones were selected for sequencing using the Beijing Genomics Institute service (BGI, Shenzhen, China) and analyzed using the DNAMAN program and BLASTx program on the NCBI website.
Reverse transcription polymerase chain reaction (RT-PCR) was performed to determine the gap sequences between different cDNA clones. DsRNA-specific primers were designed based on the sequences obtained above. The mixtures of purified dsRNA template and tagged random primer-dN6 were denatured at 95°C for 10 min and then immediately chilled on crushed ice for 10 min. The mixtures were then reverse transcribed using Transcript™II One-Step gDNA Removal and cDNA Synthesis SuperMix (TransGen) at 50°C for 2 h, and the enzyme was then inactivated at 85°C for 10 min. The resulting cDNA products were used as the template for specific PCR amplification using 2 Â TransTaq s High Fidelity (HiFi) PCR SuperMix (TransGen), and PCR products were subsequently purified, cloned and sequenced as previously described above. Two methods were used to determine the terminal sequences of the positive strand of the dsRNA element. To obtain the 5 0 terminal sequence of dsRNA, we performed the 3 0 RNA LigaseMediated Rapid Amplification of cDNA Ends (RLM-RACE) protocol as described by Xie et al. (2006) and Chiba et al. (2009) . To obtain the 3 0 terminal sequence of dsRNA, a classic 3 0 -RACE protocol using an adapter-linked oligo-dT primer was performed using the 3 0 -Full RACE Core Set Ver.2.0 (TaKaRa) according to the manufacturer's instructions. All of the amplified cDNAs were cloned and sequenced as described above.
Sequence and phylogenetic analysis
GenBank accession numbers and acronyms for sequences used in the analyses are listed in Table 1 . The sequences of previously reported viruses referenced in this paper were derived from the NCBI GenBank database (http://www.ncbi.nlm.nih.gov/genomes). Sequence analysis and alignments were performed as previously described by Li et al. (2015) . The assembly and analysis of nucleotide sequences were performed using DNAMAN version 6 software. Potential ORFs were found using the DNAMAN version 6 software and the National Center for Biotechnology Information (NCBI) ORF Finder tool (http://www.ncbi.nlm.nih.gov/projects/gorf). Homology searches were performed using the NCBI Blast program (http:// blast.st-va.ncbi.nlm.nih.gov/Blast.cgi). Alignments of the deduced amino acid sequences of the RP polyproteins or conserved domains were performed using DNAMAN version 6 software with default parameters (Katoh and Toh, 2008) . NJ trees were constructed using the neighbor-joining method of MEGA version 6 software with bootstrapping analysis of 1000 replicates. Branch support was determined by bootstrapping (1000 replicates).
Curing strain SX64 of virus
To identify the roles of FgMTV1/SX64 in inducing hypovirulence traits of strain SX64, the combined method of single conidial isolation and ribavirin treatment was performed in this study to eliminate the dsRNA segment from the host fungus. Ribavirin is a nucleoside analog that induces mutations in RNA viral genomes and is useful to cure specific mycoviruses (Parker, 2005) . Following the culturing of strain SX64 on PDA for 3 days at 25°C, conidiation was induced in carboxy methylated cellulose (CMC) medium (15 g carboxymethylcellulose, 2 g NaNO 3 , 1 g KH 2 PO 4 , 0.5 g MgSO 4 Á 7H 2 O and 1 g yeast extract in 1 ml of double distilled water) containing ribavirin (100 μM) for 5 days at 25°C in a shaker. Individual conidia were isolated and cultured on a PDA plate containing 100 mM of ribavirin at 25°C for 3 days in the dark (Herrero and Zabalgogeazcoa, 2011) . Next, small agar fragments containing the tip of a single hyphae were removed from the colony margin using a surgical knife under a dissecting microscope, transferred onto a piece of cellulose membrane on a 60-mm-diameter PDA plate and grown at 25°C for 5-7 days in the dark (Kanematsu et al., 2004) . The absence of viruses was determined using dsRNA extraction and RT-PCR using five primer pairs (1F/1R, 2F/2R, 3F/3R, 4F/4R, and 5F/5R) (Supplementary Table S2 ). The locations of the five primers amplifying the five PCR fragments are shown in Fig. S1B .
Impact of the virus on the host biological properties
We assessed the mycelial growth, conidiation, biomass, mycotoxin production and virulence on wheat spikes of strain SX64 and its virus-free strain SX64-F as previously described (Bluhm et al., 2007; Gale et al., 2002; Kang and Buchenauer, 1999; Seong et al., 2006; Wang et al., 2013) . After fungal isolates grown on PDA plates for five days at 25°C, 7 mm agar plugs were cut from the actively growing margin and placed in the middle of a PDA plate, and the growth rate examined by measuring colonial diameters daily after culturing 4 days at 25°C. After 3 agar plugs placed in 5-day-old CMC broth, conidial production was determined on blood count plates by counting the number of conidia produced. One ml of conidia suspension (3 Â 10 5 conidia/ml) was inoculated in 50 ml PDB broth for culturing 5 days at 25°C on a rotary shaker (180 rpm), and mycelia were filtered, dried, and weighed for biomass. For the virulence assay, 10 ml of conidial suspension(3 Â 10 5 conidia/ml) were inoculated in the glume of spikelet and cultured in the field for 15 days. At the end of the cultivation period, virulence was assessed by measuring the numbers of diseased spikelets per wheat head invaded. For DON mycotoxin production, three mycelial plugs were put into 50 ml PDB and cultured for 5 days at 25°C in a 12-h light-dark cycle. After filtering the mycelia, DON was extracted from the liquid media and analyzed with ELISA kit (R-Biopharm, Darmstadt, Germany) according to the protocol of the kit.
Data analysis
Data were subjected to analysis of variance (ANOVA) using the SAS s 8.0 program. The treatment means were compared using the least significant difference (LSD) test at the p ¼0.01 level. Each experiment included at least 3 replicates.
